This paper describes an approach to measuring extinct fission products that would allow for the characterization of a nuclear test at any time. The isotopic composition of molybdenum in five samples of glassy debris from the 1945 Trinity nuclear test has been measured. Nonnatural molybdenum isotopic compositions were observed, reflecting an input from the decay of the short-lived fission products 95 Zr isotopes formed in the nuclear detonation. Together with a determination of the amount of plutonium in the debris, these measurements of extinct fission products allow for new estimates of the efficiency and yield of the historic Trinity test.
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nuclear forensics | nuclear testing | treaty monitoring | stable isotope perturbation measurements T he ability to confirm the occurrence and nature of a nuclear test is essential to modern nuclear treaty monitoring (1) . A robust multination monitoring system is in place for underground nuclear tests, relying primarily on seismic signals and other prompt measures (1) (2) (3) . Radiochemical measurements of actinides and fission products are also an integral part of treaty monitoring, but these too are time sensitive, relying on immediate access to samples containing short-lived radionuclides (3) . In particular, the most useful refractory peak-yield fission products are short-lived and no longer detectable radiometrically in the debris from older tests (when months or years have passed since the test). An ability to determine the concentration of extinct fission products in old debris would allow for independent characterization of a nuclear test at any time and could serve as a valuable additional tool for ongoing nuclear nonproliferation and verification endeavors. We report here the first determination, to our knowledge, of the number of fissions that occurred in a nuclear test via high-precision mass-spectrometric measurements of perturbation in Zr fission products. These fission determinations are combined with plutonium measurements to estimate the efficiency and yield of the first nuclear test, Trinity.
Seventy years have passed since the Trinity test and the exact yield and performance of the first atomic bomb are still debated. Many estimates of the bomb yield have been published, ranging from 8 to 61 kilotons (kT), with the official US Department of Energy yield of 21 kT based on historic radiochemical measurements (4) (5) (6) . To determine the plutonium fission efficiency and yield of the Trinity device, a measurement of residual unreacted plutonium and the number of fissions was used (Eq. 1) (7). Although radiochemical measurements were performed in 1945, they were crude relative to modern standards, leaving some uncertainty in the official yield (8) .
where F total = total number of fissions in the device, Pu ingoing = total number of plutonium atoms in the device, f sample = number of fissions measured in the debris sample, and Pu sample = number of plutonium atoms measured in the debris sample. Although long-lived fission products such as 137 Cs and 90 Sr are detectable in Trinity nuclear debris today (9) (10) (11) (12) (13) (14) , these radionuclides have volatile precursors (e.g., 137 I and 137 Xe; Fig. 1 ) and are known to fractionate severely from Pu, making reliable interpretation difficult (5, 15 Mo, 97 Mo, 98 Mo, and 100 Mo are produced by fission via a combination of independent fission yield and β-decay along each mass chain, as shown by the diagonal arrows in Fig. 2 . In contrast, 92 Mo, 94 Mo, and 96 Mo are blocked from perturbation by fission product β-decay, as each β-decay chain terminates at a stable zirconium nuclide. There are no contributions to 92 Mo and 94 Mo from independent plutonium Significance This work describes an approach to postdetonation nuclear forensics involving isotopic measurements that allows for characterization of a nuclear detonation at any time. By performing high-precision measurements of stable isotope perturbations in nuclear bomb debris, it is possible to quantify short-lived fission products long after they have decayed below radiometric detection limits and become extinct. The extinct fission product concentrations can be used to reconstruct details of the nuclear device months to years after the detonation occurred. The approach is demonstrated by analysis of debris from the Trinity nuclear test and new estimates of the efficiency and yield of the historic test are presented.
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Mo is less than 2.5 × 10 −6 % (16). Therefore, the presence of fissions in a sample will be evidenced by a perturbation of specific molybdenum atom ratios. For example, Trinity nuclear debris should display an elevated 95 Mo/ 96 Mo atom ratio compared with the known natural abundance. A similar concept has been used to demonstrate the presence of extinct fission products in the Oklo reactor of Southwest Africa (17, 18) . A challenge of our approach, however, is that only a small amount of Mo is formed by the nuclear fission process compared with the larger amount of natural Mo present in the rock and soil that is entrained in the fireball and mixed with the glassy debris (19) . In contrast to the landmark Oklo studies, the Trinity nuclear debris samples are many times more dilute in actinide and fission fragment concentration [∼0.6 μg/g (Pu trinitite ) vs. ∼0.5 g/g (U Oklo )], rendering any potential isotopic perturbation much smaller (18) .
Five samples of Trinity nuclear debris (individual glassy pieces ranging in size from 0.46 to 1.95 g) were dissolved, purified for molybdenum, and analyzed for isotopic composition. For each sample, an untraced aliquot was used to measure the Mo isotopic composition, while a second aliquot was traced with a 96 Mo spike and used to determine the absolute concentration of Mo in the Trinity debris sample by isotope dilution mass spectrometry. A typical aliquot consisted of ∼200 mg of debris containing 120-700 ng of stable Mo along with plutonium, uranium, other longlived fission and activation products (e.g., 137 Cs, 152 Eu), as well as stable elements from the surrounding environment. The aliquots were purified for molybdenum using a combination of cation exchange and anion exchange chromatography (details of the separation and analytical methods are included in the Supporting Information and Table S1 ) (20) (21) (22) (23) (24) (25) (26) . In addition to removing radioactive isotopes and major matrix constituents, it was necessary to effectively remove stable Zr and Ru, which could negatively affect the accuracy of Mo isotope ratio measurements due to isobaric interferences from Reference Material (NIST SRM) 3134 (27) ; molybdenum isotopic variations observed in nature in granites and basalts are small relative to current analytical limits (25, (27) (28) (29) (30) . Normalizing the isotopic data using an unperturbed ratio in this way corrects for any source of mass-dependent isotope fractionation, but allows for measurement of mass-independent effects like fission inputs from short-lived Zr (31) . As shown in Table 1 and Fig. 3 (Fig. 4) . Traced Mo sample fractions were corrected for isotopic fractionation using a standard-sample bracketing routine and were used to determine the total amount of molybdenum in the trinitite samples, which ranged from 591 to 3,570 ng/g of debris (Table 1 and Table S2 Zr ratio was 1.13(2), consistent with relative cumulative chain yields expected for plutonium fission (16, 32 For comparison, the concentration of 137 Cs was determined in each sample via gamma-ray spectroscopy using a high-purity germanium detector (HPGe). Table 3 shows the 137 Cs concentrations per gram of sample and associated uncertainties, decay corrected to the test date of July 16, 1945 . An aliquot of each Trinity nuclear debris sample was also purified for plutonium by anion exchange chromatography and the concentration and isotopic composition of the plutonium determined by isotope dilution ICP-MS using a 242 Pu tracer (NIST SRM 4334G). The decay-corrected concentration of 239 Pu in each sample is shown in Table 3 and Table S4 .
The number of fissions per gram of sample can be calculated by dividing the measured Zr Mo atoms per sample. For Trinity, the yield can also be calculated by multiplying the known mass of plutonium in Trinity (6 kg) by the efficiency and scaling the resultant total number of device fissions by a term relating fissions to energy release (7.216 × 10 −24 kilotons per plutonium fission) (33) . Overall, the refractory zirconium fission products give much more consistent plutonium efficiency values than the volatile 137 Cs. The efficiency values determined using 137 Cs are a factor of 15-20 lower than when zirconium is used, consistent with expected fractionation between 137 Cs and 239 Pu due to differences in volatility during fireball cooling (15) . The yield values calculated using 95 Zr Mo and 97 Zr Mo fission measurements are in excellent agreement with each other and with the official Trinity yield of 21 kt, whereas the yield calculated using 137 Cs as the fission indicator is more than an order of magnitude lower for all five samples (Table 4 and Fig. 5) .
Note that the Trinity device did contain a uranium tamper, so some of the 239 Pu observed today would arise from neutron capture on 238 U to form 239 U, which β-decays to 239 Pu. Additionally, some fissions occurred in the uranium tamper. For these samples, the effects of these complications on the calculated efficiency and yield appear to be small. The modern yield determination for the Trinity nuclear test, derived from measurements of the extinct 95, 97 Zr fission products, is 22.1 ± 2.7 kt. This work demonstrates that fissions in nuclear bomb debris can be determined quantitatively via high-precision mass spectrometric measurements of stable fission product decay daughters. Specifically, decay of the 95 and 97 fission product mass chains to stable molybdenum daughters was quantified via MC-ICP-MS measurements of perturbations in Cs can be conveniently measured via gamma-ray spectroscopy in Trinity nuclear debris samples, it is a poor indicator of fissions for a nuclear test because it exists predominantly as volatile gaseous species during fireball cooling. Trinity yields calculated from 95, 97 Zr Mo fission measurements are in excellent agreement with the officially reported yield of the Trinity test, and yields calculated using 137 Cs measurements are not. This work demonstrates the feasibility of determining plutonium efficiency and device yield in samples many years after the traditionally measured, short-lived fission fragments have decayed below radiometric detection limits. Such technologies could expand the timescale for nuclear inspection and data collection, aiding treaty monitoring and verification endeavors for the foreseeable future.
Materials and Methods
All sample dissolution and purification was performed using Optima grade acids (Fisher Scientific). Savillex PFA jars were used for sample processing. Measurements of 137 Cs were performed by gamma-counting 5 mL of the dissolved Trinity nuclear debris solutions for 1,000 min on an HPGe (Ortec GEM series coaxial high-purity germanium) detector. Concentrations of 137 Cs were calculated from the peak area and branching ratio at 661.7 keV and the detector efficiency curve specific to the counting geometry. The total propagated uncertainties on the 137 Cs measurements include uncertainties arising from the peak fitting and the calibration source.
Samples were purified for molybdenum using a series of three ion exchange columns. The sample was dissolved in 0.5 M HCl and passed through a cation exchange column (AG 50WX8 200-400 mesh) to remove major matrix constituents. The sample was then evaporated, redissolved in 6 M HCl, and loaded onto an anion exchange column (AG 1X8 100-200 mesh). The column was washed with 6 M HCl and then Mo was eluted with 1 M HCl. Finally, the sample was passed through an additional cation exchange column in 0. 5 
